Fourteen tree-ring width chronologies were developed along three altitudinal gradients for three mountain ranges in arid north central China. The chronology statistics, combined with results of a rotated principle component analysis (RPCA), suggest that physiological gradients play a more important role in determining tree-growth patterns than altitudinal gradients. As indicated by climate-growth relationships, temperature is mainly related to the low-frequency tree-ring variability, while precipitation is more influential on the high-frequency tree-ring variability. At the low-frequency band, chronologies across species from lower and upper forest limits were generally well correlated, except at the upper site of the Xinglong Mountain. It is plausible that similar temperature-shaped climate-growth relationships in the low-frequency domain may lead to similar growth patterns at this frequency band. Regarding the differing results for the Xinglong Mountain, our interpretation is that the changed growth patterns resulted from the varying climate-growth correlation patterns along the larger altitudinal gradients. The temperature and precipitation limitations for tree growth decrease along the increasing altitudinal gradients.
INTRODUCTION
Given the important feedbacks between biosphere and atmosphere, scientific research should devote considerable attention to forest dynamics and tree-growth changes as related to climate change (Ruddiman 2000) . In recent decades, dendrochronological reconstructions (e.g. Grissino-Mayer 1996; Cook et al. 2000 Cook et al. , 2004 Briffa et al. 2001; Li et al. 2006 Li et al. , 2007 have revealed the longer-term temporal changes of climate on regional to hemispheric scales, playing an important role in the evaluation of the possible impacts of climate change on ecosystems. Dendrochronological studies have shown how climatic variations affect tree-growth rates (e.g. Oberhuber et al. 1998; Esper et al. 2002) , tree mortality (e.g. Mäkinen et al. 2001; Liang et al. 2003) , forest fire activity (e.g. Westerling et al. 2006) , and tree-line shifts along altitudinal and latitudinal gradients (e.g. Briffa et al. 1990; Luckman & Kavanagh 1998; Esper & Schweingruber 2004) . Observations indicate that climate-growth relationships may vary between species (e.g. Cook et al. 2001; Takahshi et al. 2003; Frank & Esper 2005) , according to different frequency bands (e.g. LaMarche 1974; Mäkinen et al. 2002; Hughes & Funkhouser 2003) , and due to varying local combinations of climatic factors (Splechtna et al. 2000; Gou et al. 2005; Wang et al. 2005) . Inherent variations among tree species underscore the need to investigate the climate-growth responses across a multi-species network in different regions. In addition, as suggested by previous studies (e.g. Diaz et al. 2003; Takahshi et al. 2003) , mountain ranges are areas most sensitive and vulnerable to climatic changes. Therefore, we focus on variations of radial growth along three altitudinal transects in north central China.
Since the 1990s, many studies on tree-ring based climatic reconstructions have been conducted in north central China (e.g. X. ; Y. Liu et al. 2003 Gou et al. 2006; Li et al. 2007; Liang et al. 2009; Shao et al. 2009; Tian et al. 2009; Zhang et al. 2009 ). However, relatively few studies have been performed to investigate treegrowth responses to physical climate change in this region. In our study we seek to examine the frequency-dependent properties and climate-response patterns of Pinus tabulaeformis (Chinese pine), Picea crassifolia (thick leaf spruce), and Picea wilsonii (thin leaf spruce) in north central China.
The aims of this work are 1) to investigate the variability of radial growth patterns of these three locally dominant tree species across three altitudinal transects, and 2) to study the climate-growth relationships accounting for such growth patterns. These investigations are expected to provide some insight into the role of regional forest dynamics and their relations to climatic change.
MATERIALS AND METHODS

Altitudinal transects
Lanzhou, the marginal area between the arid region and the humid region (monsoon region), is regarded to be influenced by one of the greatest climatic gradients in China (CCARP 1984) . The climate within the study region is characterized as dry and continental boreal, with mean annual temperature and total annual precipitation ranging from 4-7 °C and 400-600 mm, respectively (Huang 1997 ). Corresponding to a small lapse rate in temperature occurring along a south-north gradient (Huang 1997) , more warm adaptive species such as Picea wilsonii in southern places in the Xinglong Mountain, yield to relatively cold adaptive Picea crassifolia in Tulugou and the broadly distributed species Pinus tabulaeformis in Moshigou (Huang 1997) . The sampling sites were in protected national nature reserves or national forests ( Fig. 1 ; Table 1). 100°  102°  104°  106°   100°  102°  104°  106°   38°3   7°3   6°3   5°3   4°3   8°3   7°3   6°3   5°3 4°F igure 1. Location of the three tree-ring sampling regions, the Lanzhou meteorological station, and the nearest PDSI grid. 
Chronology development
Trees selected for sampling were from sites with negligible slopes, well-drained coarse-textured soils and minimal competition. Visual inspection confirmed that the study trees were free from visible damage and disease. Such trees potentially preserve the cleanest expression of climatic information in their growth rings. Dominant or co-dominant trees were preferred to minimize ecological disturbances caused by competition (Piutti & Cescatti 1997) . Two cores were extracted from each tree at breast height. Following the methods of Stokes and Smiley (1968) , all cores were mounted, air-dried, and sanded to produce a polished transverse surface for visual cross-dating using the skeleton plot method. The subsequently measured series were checked by the program COFECHA (Holmes 1983 ) for quality control.
To better preserve the low-frequency climatic signals, we adopted, in most cases, conservative functions, such as the negative exponential function or straight line of any slope to detrend the age-related growth trends. Also, a Friedman super-smoother, which is more data-adaptive and yet skillful at preserving low-frequency climatic variations (E. Cook, personal comm.), was employed to detrend some samples with anomalous growth releases and suppressions. Chronologies were developed by merging the individual dimensionless tree-ring index series with the program ARSTAN (Cook 1985) . Considering the replication decline at early and latter portions of the chronology, the subsample signal strength (SSS) (Wigley et al. 1984) with the threshold value of 0.8 was adopted as the criteria to determine the reliable period of each chronology.
Rotated principal component analyses (RPCA)
RPCA (Richman 1986; Cook et al. 2001) were employed to elucidate the growth patterns at the 14 sampling sites over the common period . RPCA analysis, which is based on principal component (PC) analysis, is used to maximize the spread of individual loadings and thus produce more interpretable loadings (Richman 1986 ). The RPCA, determined by the varimax method and a rigorous Monte Carlo test (Richman 1986; Cook et al. 2001) , functioned as a form of cluster analysis. Moreover, compared with formal clustering analysis, such as hierarchical clustering analysis (Ward 1963), RPCA can also detect variations within identified groups through examining the variations of PC loadings, better suiting our research objectives.
Filtering analyses and dendroclimatic analyses
We used Gauss digital filtering (Fritts 1976 ) to emphasize variations within particular frequency bands. The filtered tree-ring indices are estimates of what the values would be if the undesirable information has been filtered out. The results vary according to the filters adopted, so the selection of the filter frequency response is important. Similar to previous studies addressing similar issues (e.g. LaMarche 1974; Fritts 1976; Hughes & Funkhouser 2003) , reciprocal pairs of low-pass filter and high-pass filters were employed to separate low-frequency signals greater than eight years from high-frequency variations. In the analyses that follow, the growth patterns and climate-growth relationships were examined at both the low-frequencies and high-frequencies as generated by the filtering processes.
In order to evaluate the frequency-dependent climate-response patterns, correlations with monthly meteorological data were calculated over the common time interval 1951-2000. The temperature and precipitation data were obtained from the Lanzhou meteorological station (36º 03' N, 103º 53' E). The Palmer Drought Severity Index (PDSI), formulated by Palmer (1965) , has been applied in drought studies in North America. The PDSI also has proved useful for drought studies in China (e.g. Zou et al. 2005; Li et al. 2006 Li et al. , 2007 . In this study, the PDSI was extracted from the nearest Dai PDSI grid point (36º 15' N, 103º 45' E; Dai et al. 2004) . The correlation analyses were undertaken by re-arranging the meteorological records from previous September to current August, which was expected to include most of the possible climatic variables responsible for tree growth of the previous and current years.
RESULTS
Chronology characteristics
Tree-ring characteristics show a species-related trend, and trees of the same genus show lower gradients of difference in growth patterns compared to trees of the other genus (Fig. 2) . Tree-ring patterns of Picea wilsonii and Picea crassifolia are relatively similar compared to the growth pattern of Pinus tabulaeformis. The change of growth characteristics from the genus Picea to Pinus include:(1) decrease in mean ring width, 2) increase in mean sensitivity, 3) decrease in 1 st order autocorrelation, and 4) decrease in serial correlation. However, the variability of the ring-width statistics along altitudinal gradients in the two spruce species is not that evident, but clear trends along altitudinal gradients for sites of P. tabulaeformis were found. Mean sensitivity of P. tabulaeformis decreased towards its upper forest limit, while a reverse trend was found for the 1 st order autocorrelation.
Results of RPCA
The PCA analysis was performed with the 14 standard chronologies over the common period . Only the first three PCs were significant at the 0.05 level, as determined by the Monte Carlo test, explaining 32.1, 14.2, and 12.3% of the total variance, respectively ( Table 2 ). The first three PCs were rotated by the varimax method to produce more spatially interpretable loadings. As shown in Figure 3 , the first PC, yielding the highest loadings for sites of P. wilsonii, is referred to the "Picea wilsonii factor." The second PC, with loadings of P. tabulaeformis greater than of the two spruce species, is called the "Pinus tabulaeformis factor." Likewise, the third PC is named "Picea crassifolia factor." Similar to the species-related growth patterns indicated by chronology statistics, the first three PC patterns are also largely controlled by speciesrelated differences. However, the variability within each PC factor, which might be related to altitudinal gradients, was not evident.
Inter-site correlations
To investigate the frequency properties between chronologies from the lower and upper forest borders, chronologies of the three mountain pairs were processed with high-pass and low-pass filters. Cross-correlations between chronologies before and after filtering were also calculated (Table 3) . Considering possible disturbances from Elevation (m) Figure 3 . Varimax loadings of the first three PCs from all 14 chronologies; symbols denote the same species as in Figure 2 , and each point represents a single chronology. grazing activities at the lower site of XM01, XM02 was selected instead (see Table 1 for codes) as the candidate for the lower forest limit on the Xinglong Mountain. As shown in Table 3 , for the unfiltered series, the highest correlations occur between mountain pairs of the same tree species, which is in synchronicity with the species-related growth pattern. In addition, the cross-correlations between high-pass signals are higher, while the cross-correlations between the low-pass components are lower, and crosscorrelations of unfiltered series are in-between. However, compared with correlations of chronologies between mountain pairs in Tulugou and Moshigou, the low-frequency correlation between forest limits on the Xinglong Mountain is rather low, which might suggest that the processes that generate the two frequency components are different.
Climate-growth relationships
Climate-growth relationships were examined in order to test our hypothesis on the comparison of the growth patterns. The first PC scores, which reflected the common growth patterns (Table 2) , were correlated with the temperature and precipitation records, and the PDSIs. Figure 4 suggests a moisture stressed pattern with negative correlations to temperature together with positive correlations to precipitation (Fritts 1976 ). This assumption is supported by the correlation results, i.e. higher correlation of the first PC with the PDSIs than with either temperature or precipitation (Fig. 4) . These findings led us to explore the correlations between the PDSIs and ring-width chronologies from the upper and lower forest borders at different frequencies.
Both the PDSIs and ring-width chronologies were filtered for each mountain pair and their correlations at the same frequencies were calculated. For each mountain pair, chronologies at low elevations are higher correlated with the PDSIs than those at high Table 1 . The significance of correlations is indicated by asterisks as used in Table 3 . 1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000 XM02 (thick) and XM06 (thin) TL01 (thick) and TL04 (thin) MS01 (thick) and MS04 (thin) Figure 6 . Comparison of low-frequency components of chronologies from each mountain pair; see Table 1 for site code definitions.
Year
elevations. This is readily understood because trees at low elevations tend to be more drought-sensitive than those at high elevations (e.g. Fritts 1976; Wang et al. 2005) . Correlation patterns of P. crassifolia and P. wilsonii to PDSIs differ remarkably from those of P. tabulaeformis. As shown in Figure 5 , for chronologies of P. tabulaeformis, higher correlations with the PDSIs were found at high frequencies. However, correlations of the spruce chronologies (Picea crassifolia and P. wilsonii) with the PDSIs are higher at low frequencies than at high frequencies, except for the XM06 chronology which is relatively poorly related to local drought conditions. Additional comparisons of low-frequency chronologies between mountain pairs confirm the above climategrowth relationships that growth patterns between Moshigou and Tulugou are better correlated than those in the Xinglong Mountain (Fig. 6) .
Chronologies from lower and upper forest borders on the Xinglong Mountain showed distinctly different correlation patterns with the PDSIs (Fig. 5, 6 ). With the intention to clarify the climate-growth relationships along the Xinglong Mountain, correlations of tree rings with temperature and precipitation were calculated. As shown in Figure 7 , along the increasing altitudinal gradients, growth patterns show a strong decreasing trend of temperature limitation, especially for low-frequency signals, and a relatively weak decreasing trend of precipitation limitation. Temperature plays a more important role in controlling tree growth at the low-frequency band, while precipitation plays a more important role in governing tree growth at high frequencies.
DISCUSSION
Species-related variability of tree rings
Changes in ring-width characteristics are not only a direct result of ecological factors, but also of individual genetics that modulate such climate-growth responses (Fritts 1976) . As indicated by the tree-ring characteristics (Fig. 2) , the difference between the tree genera, Picea and Pinus, possibly due to changed physiological features, appeared to be more influential than the difference between ecological factors in our study region. Our interpretation is that the two spruce species, Picea wilsonii and P. crassifolia, have smaller physiological gradients than Pinus tabulaeformis (CCVI 1980) . Results of RPCA provide additional support for the observed species-related growth patterns. Since there are more P. wilsonii chronologies in the RPCA, the first PC, the dominant chronology signals, is represented by the "Picea wilsonii" factor. The Pinus tabulaeformis chronologies have larger physiological gradients compared to the Picea wilsonii chronologies (CCVI 1980) , therefore the second PC of the "Pinus tabulaeformis" factor, representing the largest variance different to the first PC, yields the highest variance in the P. tabulaeformis chronologies.
In general, mean sensitivity indicates the level of high-frequency variability, while the 1 st order autocorrelation indicates the level of low-frequency variability (Fritts 1976) . In accordance to the mean sensitivity and autocorrelation values of these chronologies, P. tabulaeformis chronologies may contain more high-frequency variances, while the P. wilsonii and P. crassifolia chronologies contain more low-frequency signals. Serial correlations suggest the strength of common environmental signals contained by in-dividual trees within each site (Fritts 1976 ). According to Figure 2 , P. tabulaeformis chronologies have a higher within-site homogeneity than the P. wilsonii and P. crassifolia chronologies. The mean sensitivity of P. tabulaeformis to climatic limitations shows a decreasing pattern along the increasing altitudinal transects, consistent with previous studies in arid regions (Fritts et al. 1965; Gou et al. 2005; Wang et al. 2005) . One possible explanation is that trees growing in arid regions tend to be more droughtsensitive, and an increasing precipitation along the increasing altitudinal transects in the arid region may reduce local drought limitations.
Variability of tree rings in relation to climatic factors
Previous studies at many different locations (Li et al. 2007 ) have indicated that drought was the most important factor affecting tree growth in arid north central China. In our study, correlations of the first PC chronologies with meteorological records and PDSIs also indicate a drought-stressed climate-growth pattern. However, the XM06 chronology for the upper forest border of the Xinglong Mountain displayed a weaker drought-stressed growth pattern. Therefore, the less drought-sensitive chronologies from XM06 did not correlate well with the other drought-sensitive chronologies. As shown in Figure 5 , a species-related climate-growth relationship was evident. It is suggested that the physiological gradients are the major causes accounting for this climate-growth patterns. That is, chronologies of Picea wilsonii and P. crassifolia, which retain more low-frequency signals, show higher correlations with the PDSIs at the low-frequency band, while the chronologies of Pinus tabulaeformis show higher correlations with the PDSIs at the high-frequency band because they retain more high-frequency signals.
Interestingly, unlike results of LaMarche (1974) and Hughes & Funkhouser (2003) showing weaker cross-correlations between chronologies of upper and lower mountain pairs at low-frequencies, higher positive cross-correlations were identified at the lowfrequency band between chronologies of forest borders in Tulugou and Moshigou. LaMarche (1974) and Hughes & Funkhouser (2003) also suggested that the weaker cross-correlations were caused by changed limiting climatic factors for tree growth between those mountain pairs. Likewise, at the Xinglong Mountain, the larger altitudinal gradients would result in changed climatic-growth patterns and thus in weaker cross-correlations. In contrast, the same moisture-stressed pattern, as indicated in Figure  5 , would lead to higher cross-correlations between chronologies of mountain pairs in Tulugou and Moshigou. We therefore proposed that the cross-correlation patterns between the low-frequency variances of chronologies from upper and lower forest borders are largely dependent on the limiting climatic factors.
Unlike other mountains pairs, chronologies from lower and upper forest borders of the Xinglong Mountain showed changed climate-growth relationships. As shown in Figure 7 , a decreasing trend of the precipitation limitation on tree growths along the increasing elevational gradients was evident, which is consistent with previous studies in surrounding areas (e.g. Gou et al. 2005; Wang et al. 2005) . It is reasonable that the rising precipitation along the increasing elevation results in a decreasing precipitation limitation at these moisture-stressed sites. However, the temperature limitation decreased more significantly along the increasing elevation than that it was effected by precipitation, as shown in Figure 7 . Higher temperatures normally tend to result in less tree growth in the study area, as indicated by a negative correlation between tree growth and temperature. Our explanation for a decreasing temperature limitation is that the temperature, decreasing with elevation, could alleviate its negative influence on tree growth. It is reasonable for Picea wilsonii which is negatively correlated with temperature at its southernmost distribution limit at the Xinglong Mountain (Wang 1996) .
As indicated by Figure 7 , temperature is more significant at the low-frequency band in determining tree-growth patterns, while precipitation is more influential at the highfrequency band. The temperature forcing is generally more like 'red noise'-forcing, i.e. more significant at the low-frequency band, while the precipitation variability is more like a 'white noise'-signal (Fritts 1976) . Therefore corresponding to the patterns of climate forcing, temperature and precipitation are influential at the low and high frequencies, respectively. Correlations of temperature and precipitation with tree rings at the low-frequency band (grey bars) and high-frequency band (white bars) at the lower forest limit (XM02) and upper forest limit (XM06) on the Xinglong Mountain.
CONCLUSIONS
Compared with Pinus tabulaeformis, the two spruce species, Picea crassifolia and P. wilsonii, displayed a relatively similar variability of tree-ring width, which is probably due to their shared physiological properties. Regarding the low-frequency signals, most chronologies at the lower and upper forest borders were in general well correlated, as these sites are largely moisture-stressed. It is proposed that the cross-correlation patterns of chronologies between higher and lower mountain pairs are mainly dependent on whether or not they are controlled by the same climatic factors. On the Xinglong Mountain, temperature and precipitation are more significant at the low and high frequencies, respectively. Further studies are necessary to clarify the uncertainties of the proposed growth-climate relationships.
